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PIEZOELECTRIC RESONATOR STRUCTURE
AND METHOD FOR MANUFACTURING A
COUPLED RESONATOR DEVICE

BACKGROUND

Embodiments of the present invention relate to piezoelec-
tric resonator structures and a method for manufacturing
coupled resonator devices and in particular to a frequency
trimming of a coupled resonator device.

A bulk acoustic wave (BAW) filter, which comprises a
stack with a piezoelectric layer separating a top and a bottom
clectrode, 1s an example for a simple piezoelectric resonator.
In addition to the simple piezoelectric resonator, coupled
resonators or coupled resonator filters (CRF) are also known.
As a special implementation of BAWs, the CRFs comprise
two BAW resonators generally arranged one on top of the
other 1n a stack. In manufacturing of CRFs a narrow specifi-
cation with respect to the frequency position (resonance fre-
quency) 1s needed, particularly for their use as bandpass fre-
quency lilters for mobile telecommunication applications
(mobile phones). Based on the state of the art accuracy of thin
film deposition processes, 1t 1s currently not possible to pro-
duce a CRF with areasonable manufacturing yield, relying on
deposition accuracy alone. This 1s particularly the case when
specifications of the mobile phones are taken into account.
For this reason, one or more additional frequency correction
steps (trimming) are used to compensate for inaccuracies,
¢.g., with respect to layer thickness 1n thin film deposition
Processes.

Currently, CRFs have not been used 1n mobile phones yet.
Instead, surface acoustic wave filters (SAW) and recently also
the BAW filter with a single piezoelectric layer are used.
Normally, SAWs do not need any frequency correction,
because their frequency position 1s mainly defined by a pitch
of the interdigital structure, which can be controlled with high
accuracy by means of a lithographic process. On the other
hand, BAWs need frequency correction, because their ire-
quency position 1s determined by thicknesses of the layers 1n
the stack, and because the layer thicknesses are controlled by
the deposition process, whose accuracy 1s, however, not sul-
ficient for mobile phones.

In terms of filter performance, SAWs are generally interior
to BAWs and CRFs and therefore cannot be used for most
demanding applications. However, SAWs have an intrinsic
advantage over BAWs, because they are capable of perform-
ing an unbalanced-to-balanced conversion from ingoing to
outgoing signals (mode conversion) without eflort or extra
COst.

On the other hand, BAWs with a single piezoelectric layer
exhibit high performance, but they lack the mode conversion
option. Therefore, additional effort 1s needed, for example,
via external baluns, and the BAWs thus lose some perfor-
mance and require additional cost and/or additional space on
the board. The CRFs combine the advantages of the BAWSs in
terms of high performance with the advantages of the SAWs
in terms of simple mode conversion. But without frequency
trimming, the production of CRFs have a low manufacturing
yield, because only a limited quantity meets the required
specifications. This 1s a decisive disadvantage 1n the manu-
facturing of CRF's and, 1n particular, results 1n increased pro-
duction costs.

SUMMARY OF THE INVENTION

Embodiments of the present provide a method for manu-
facturing a coupled resonator device comprises forming a first
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part of a plurality of layers, trimming an exposed layer of the
first part and forming a remaining part of the plurality of
layers. The coupled resonator device comprises a stack of the
plurality of layers, the plurality of layers comprising a piezo-
layer with a first and a second electrode layer sandwiching the
first piezo-layer, a further piezo-layer with a first and a second
clectrode layer sandwiching the further piezo-layer, the
piezo-layer and the further piezo-layer being acoustically
coupled to each other.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will be explained 1n
more detail below with reference to the accompanying draw-
ings, in which:

FIG. 1 shows a completely assembled coupled resonator
stack:

FIG. 2 shows a first part of the assembled coupled resonator
stack with a first resonator;

FIG. 3 shows a second part of the assembled coupled
resonator stack with the first resonator and a coupling layer
structure;

FIG. 4 shows the second part of the assembled coupled
resonator stack with the first resonator and the coupling struc-
ture comprising an opening;

FIG. 5 shows a fourth part of the assembled coupled reso-
nator stack with the first resonator, the coupling layer and a
second resonator; and

FIGS. 6 A-6C show graphs for resonator response charac-
teristics for various thicknesses of a top electrode.

Belore embodiments of the present invention will be
explained 1n more detail below with reference to the draw-
ings, 1t 1s to be noted that equal elements or those operating 1n
an equal way are provided with the same or similar reference
numerals 1n the figures, and that a repeated description of
these elements 1s omitted.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

(Ll

A thin film-piezo-device such as a piezoelectric resonator
can be classified 1n a manner that an acoustic energy 1s propa-
gating 1n a vertical direction (perpendicular to a surface of a
substrate, for example) m a wanted quantity (Q-losses set
aside). In general, piezoelectric resonators include at least
one piezoelectric layer, which i1s at least partially arranged
between two opposite electrodes (1or example, a top electrode
and a bottom electrode). The electrodes may comprise multi-
layer structures or also single-layer structures, wherein indi-
vidual layers of the piezoelectric resonator are generally gen-
erated with thin film technology.

It 1s understood that all piezo-layers mentioned 1n this
description can comprise one or more different layers, of
which at least one exhibits piezoelectric activity. The other
layers between the top and bottom electrode can be non-
piezo-active dielectric or other layers to achueve special per-
formance effects like temperature coellicient compensation
or to facilitate manufacturing like adhesion layers. In addi-
tion, the other layers are typically thin when compared to
“real” piezoelectric layer.

The natural frequencies 1n such piezoelectric resonators
essentially depend on the layer thickness of the individual
layers (electrode layers, piezoelectric layer, etc.). The depo-
sition accuracy (fabrication tolerance) of the methods used 1n
thin layer technology, for example, PVD (Physical Vapour
Deposition), CVD (Chemical Vapour Deposition), vapor
deposition, etc., 1s typically (max—-min)/mean value=5-10%.
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The layer thicknesses vary within the substrate (wafer) and
from substrate to substrate. By optimizing the deposition
processes, this thickness variation may be improved up to a
(max—min)/mean value of 0.5 to 2% (for an extreme process
controlling). For a frequency tolerance of BAW resonators
there 1s, however, a demand for a (max-min)/mean value of
ca. 0.1%.

Thus, there 1s a need for a conventional BAW resonator or
for conventional filters comprising a BAW resonator to trim
an actual value for the resonance frequency or other reso-
nance properties to given target values. Conventional meth-
ods for such a trimming comprise:

a measurement of the actual value of the frequency;

determining a target value for the frequency (for example,
by a simulation or a layer stack calculation);

determining an amount of removing (e.g., by etching) or
depositing of material from this mnformation or from other
sources; and

a local etching.

It 1s possible that the steps (1)-(4) can be performed at
different stages of the processing—even multiple times. It
may be possible to realize a coarse/fine graining process to
improve the results stepwise (1n subsequent cycles). This can
be done, for example, by an appropriate choice for used
materials, 1.e., a first trimmuing step at a first layer comprising,
a first material vields a major frequency change, whereas a
fine tuning may be performed by a second trimming of a
second layer comprising a second matenial. For example, a
typical electrode layer comprises different layer and each of
them can be trimmed.

Coupled resonator filters (CRFs) or, in general, coupled
resonator devices comprise two or more piezo-layers, which
are acoustically coupled and stacked vertically and comprise
means for extracting electric energy from each of these (two
or more) piezo-layers. The last property meaning especially
that there are electrodes, for example, being realized as elec-
trically conducting layers (on each side of the piezo-layer).
Examples for coupled resonator devices are the coupled reso-
nator filter (CRF), the stacked crystal filter (SCF) or, even
more complex, CRF-SCF combinations and also hybnd
structures comprising such stacked resonators (for example,
CRF-BAW hybnds). Especially for these coupled resonator
devices there 1s a need for adjusting resonance properties
appropriately, which means especially to overcome the
5-10% deviations in the deposition of layers due to manufac-
turing tolerance and to obtain, e.g., 0.1% performance-toler-
ance. Without trimming, the manufacturing yield 1s very low,
much lower when compared to simple BAW devices.

In more detail, a CRF resonator essentially comprises two
single BAW resonators stacked on top of each other and
separated from each other by a coupling layer structure com-
prising one or several coupling layers. These coupling layers
determine the type and degree of the acoustic coupling
between the two resonators. Typically, the coupling layers
comprise a layer arrangement with layers of high or low
acoustic impedance. The basic structure of the stack may be
constructed either as a membrane suspended between two
boundaries of the active region. On the other hand, the stack
may also be arranged above an acoustic mirror (for example,
in an underlying substrate). Similarly to the coupling layers,
the acoustic mirror typically comprises several layers of alter-
nating high and low acoustic impedances.

The two resonators are also denoted by a lower and upper
resonator, wherein the arrangement i1s such that the lower
resonator 1s formed between the upper resonator and the
acoustic mirror (or the substrate). In the same way, both
clectrodes are also denoted by upper and lower electrodes,
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wherein the lower electrode 1s arranged between the upper
clectrode and the substrate (lower refers typically to the direc-
tion towards the substrate). Both electrodes of the upper reso-
nator and the corresponding electrodes of the lower resonator
may be regarded as two sides of a two-port device (obviously
an alternative four-port description 1s also possible, although
more complicated). Given correct resonance frequencies of
the two resonators and a correct acoustic coupling between
both resonators, the resonator structure exhibits filter behav-
1or. Strictly speaking, since both resonators are coupled they
do not exhibit independent resonance frequencies, only for a
complete acoustic decoupling both resonators comprise their
own resonance Irequency.

Conventional trimming methods cannot be simply applied
to coupled resonators to trim each of the coupled resonators to
a target value, because, as mentioned, a coupled resonator
exhibits a diflerent resonance property compared to a single
resonator. In contrast, the whole stack needs to be trimmed
and each of the components of the stack adjusted to the other
clement. These steps do not operate independently. Thas 1s,
even by a multiple tuning of a target frequency, not possible.

Hence, embodiments of the present invention tune first one
stack, for example, on a frequency. In a second step, the
second stack 1s tuned appropriately to the frequency of the
first stack.

In this sense, the second trimming depends on the result of
the first trimming and cannot be regarded as an independent
trimming step. A trimming goal can be a center frequency of
the filter, but also a bandwidth or another property of the
frequency characteristics (for example, asymmetrization of
the filter response). In a sense, the first trimming 1s done with
respect to an intermediate specification, and dependent on the
result, the second trimming step 1s done with respect to a final
specification.

In a typical situation, a top electrode (as an exposed and
hence accessible layer) will be trimmed, but it 1s also possible
that another layer of the layer stack can be trimmed (by
changing a thickness of the corresponding layer) and the
other layer can also be one of the lower electrodes.

Embodiments of the present invention provide a correction
of a frequency or, more generally, a performance of complex
piezoelectric structures based on thin film technology and in
particular a method for frequency trimming of a CRF 1s
described. In the following a scheme of frequency trimming
for one single coupled resonator 1s described in detail.
Although the single resonator by itself already functions as a
filter, 1n most applications a combination of several coupled
resonators electrically connected to each other 1s formed to
obtain a multi-stage coupled resonator filter. The obtained
multi-stage coupled resonator filter 1s used for improving the
filter characteristics, for impedance matching or for compen-
sating unbalancing effects due to asymmetry. However, the
described trimming scheme 1s independent of these design
options and may be applied to any kind of coupled resonators,
irrespective of how many stages or which combinations or
connections between coupled resonators are chosen.

The characteristic of the filter responses 1s defined by the
acoustic properties of the stack. The frequency position of the
passband may be obtained from the resonance frequency of
the two resonators, while the bandwidth 1s given by the degree
of coupling between the two resonators. A maximum achiev-
able bandwidth 1s limited by a combined piezoelectric cou-
pling of the resonators. The relative frequency position of the
two resonators should match to the desired degree of cou-
pling.

The implications of this are as follows:
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1. The resonance frequencies of the two resonators may be
chosen independent of each other. The frequency position of
the lower resonator (arranged between the substrate and the
upper resonator) determines the passband frequency within
very tight limits, and therefore great care should be taken that
the frequency position of this resonator 1s correspondingly
adjusted. A potential error will have a direct impact on the
passband position of the filter.

2. The coupling between the two resonators may be used to
adjust the bandwidth of the filter. This adjustment should be
done by variation of the coupling layers, 1.e., that part of the
stack which 1s between the lower and the upper resonator
(e.g., by adjusting coupling layer thicknesses correspond-
ingly).

3. A frequency adjustment of the upper resonator should be
done such that the frequency corresponds to the frequency of
the rest of the stack. I second order effects, such as passband
deformations, are neglected, a further adjustment of the filter
central frequency or the bandwidth 1s not possible.

Due to process variations 1n the layer deposition and due to
layer thickness altering processes, such as CMP (Chemical
Mechanical Polishing), 1t 1s nearly impossible to achieve the
precise layer thickness for all layers without at least one
additional adjustment, such as trimming. The following will
describe embodiments for frequency trimming steps and fur-
ther optional steps.

Embodiments describe trimming of the lower resonator as
tollows. The lower resonator comprises, for example, a first
layer stack with a top electrode and a bottom electrode, which
are separated by a piezoelectric layer and the manufacturing
may further comprise a structuring. Only after the deposition
of the top electrode, 1t 1s possible to perform an electrical
measurement at the lower resonator and a trimming based
thereon.

The following steps should be performed (as part of the
trimming procedure):

(al) First, an electrical measurement, as, e.g., the electrical
response, 1s performed on the first layer stack, wherein layer
thicknesses and piezo-coupling coellicients are fitted. If a
planarization 1s done (e.g., by a smoothing or polishing like a
CMP-process) when depositing the top electrode, the electr-
cal response characteristic may optionally also be determined
prior to the planarization. This allows an improvement of the
accuracy of the fit, particularly 11 it 1s desired to separate the
influence between the top and bottom electrodes.

(b1) Using the results from (al) for the corresponding
layers, a stmulation of the complete stack can be performed.
In this step, the layer thickness of the top electrode of the
lower resonator 1s simultaneously tweaked with the reso-
nance frequency of the upper resonator. The goal is to bring,
the simulated filter response 1into the desired specification and
thus to maximize a corresponding margin. As a result of this
procedure, a target layer thickness of the top electrode of the
lower resonator 1s determined.

(c1) Using the actual layer thickness of the top electrode of
the lower resonator determined 1n (al), a trimming of the
layer thickness of the top electrode to the target layer thick-
ness determined 1n (bl) 1s performed.

(d1) Optionally, a measurement of the resonance frequency
of the lower resonator may be performed after the trimming
step, and may be compared to a re-evaluation of the stack
simulation with the target layer thickness. This allows an
accuracy check of the frequency trimming procedure.

In further embodiments, an additional measurement of the
layer thickness 1s performed, 1n order to obtain a significant
improvement of the trimming accuracy. This step may option-
ally be added, for example, for each frequency-trimming step.
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Ideally, the acoustic delay 1s measured (e.g., by Metapulse)
for reflected sound wave. Other measurements are also pos-
sible 11 a set of material parameters 1s suificiently known.

After trimming the lower resonator, a coupling layer 1s
deposited on the lower resonator generated up to this point. If
the trimming of the top electrode 1s 1nsulficiently accurate,
the subsequent coupling layer deposited on the top electrode
can be trimmed as well. This may, for example, be done
similarly to what 1s described above. For example, the cou-
pling layers comprise a layer of high acoustic impedance and
two adjacent layers of low acoustic impedance. In this con-
figuration, the layer of high acoustic impedance arranged
between the two layers of low acoustic impedance has the
highest sensitivity 1in terms of the acoustic coupling between
the two resonators.

If an adjustment of the coupling 1s needed or desired, an
adjustment at the layer of high acoustic impedance can be
performed. However, 1t should be taken into account that
gathering of input data for a possible trimming step by elec-
trical measurements requires a significant effort. For
example, 1t may require vias in the layer of low acoustic
impedance to provide a direct acoustical contact of the cou-
pling layer of high acoustic impedance with the lower reso-
nator. The reason for this 1s that the layer of low acoustic
impedance may decouple the layer of high acoustic imped-
ance from the resonator. For this reason, a frequency shift of
the electrical resonance as a result of a changed layer thick-
ness of the coupling layer of high acoustic impedance 1s rather
small. In most cases, this etlect 1s actually too small to obtain
suificient data for layer thickness adjustment. The only way to
circumvent this problem 1s to open the coupling layer of low
acoustic impedance prior to the deposition of the layer of high
acoustic impedance so that the layer of high acoustic imped-
ance 1s deposited directly onto the top electrode of the lower
resonator and thus good Irequency shift sensitivity 1s
achieved. However, for this at least one additional mask layer
for the contacting (vias) and for the opening mentioned above
1s needed, resulting 1n an 1ncrease 1n costs for the device (the
CRF, for example). Therefore, the most effective way to
handle the coupling layer 1s to design the stack such that 1t 1s
as 1nsensitive as possible to variations of these layers (1.e., of
the coupling layers). In such a case, a local adjustment of the
layer thicknesses 1s generally not needed.

An adjustment of the layer thickness of the top electrode of
the upper resonator may, 1n principle, be performed on the
basis of a measurement with respect to the coupled resonator,
but it 1s oiten better to perform the adjustment based on a filter
measurement. A filter-based measurement and a filter-based
trimming of the upper top electrode 1s relying on an evalua-
tion of the symmetry of a measured filter response (normally
the return loss peaks) 1n a range of the center frequency of the
passband. However, this becomes impossible 1 certain fea-
tures, such as a left or right maximum of the return loss peaks,
are absent, because the initial conditions are, for example,
improper. This 1s the case, for example, when the trimming of
the lower resonator was not performed properly.

Normally, one or more trimming steps are executed when
trimming the upper top electrode. This 1s particularly the case
i the top electrode, as 1s often the case, comprises several
layers which are deposited on the piezoelectric layer of the
upper resonator one after the other. In that case, the trimming
of the top electrode may include trimming steps for each of
the deposited layers that are part of the top electrode. The
same multiple trimming steps can optionally also be applied
to the top electrode of the lower resonator. All layers depos-
ited on the piezoelectric layer are also referred to as top load.
This top load may be part of the actual electrode, such as a
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metal or metal layer or also an 1solator layer, such as the
passivation layer, deposited on the metal top electrode. Dii-
ferent sensitivities (frequency shift versus layer thickness
change) for different parts of the top load can be utilized to
perform a coarse-fine trimming combination.

Conventional trimming methods on single piezolayer
BAW resonators/1ilters use a characteristic frequency feature
of the resonator or filter, e.g., the series resonance of a reso-
nator or the 10 db crossing of the isertion loss curve at the
transition band. In contrast, embodiments of the present
invention use a different target parameter, namely the general
shape of the filter, such as the symmetry of a measured return
loss peak. A correlation between a desired change of the filter
shape and a needed change of the layer thickness may be
determined 1n this timming step either by means of a simu-
lation or experimentally. This may, for example, be done by
linear interpolation between two known cases, such as before
and after the deposition of one particular layer.

The steps for trimming the top electrode of the upper reso-
nator may be summarized as follows:

(a2) First, another fit of the layer stack (1.e., particularly the
actual values of layer thicknesses and the piezo-couplings) to
a further electrical measurement 1s performed, wherein the
turther electrical measurement may be conducted either with
respect to the coupled resonator or the filter responses. In
general, the previously in the steps (al )-(d1) fitted layers, for
example, the top electrode of the lower resonator and/or the
coupling layers, remain unchanged, although, 1n certain
cases, small adjustments 1n the previous fit may result 1n an
increase of the accuracy of the prediction for the stack and
thus the trimming results.

(b2) Using the results of (a2) for the corresponding layers,
a simulation of the complete stack can be performed. In this
step, the layer thickness of the top electrode of the upper
resonator 1s correspondingly tweaked in order to symmetrize
the filter (trimming goal). Normally, this 1s i1dentical to a
procedure in which the simulated filter response 1s brought
within the specification, and which leads to a maximization
with respect to the corresponding margins. This procedure
yields a target layer thickness for the top electrode of the
upper resonator.

(c2) Next, there 1s an adjustment or trimming of the layer
thickness of the top electrode of the upper resonator having
the actual value determined 1n (a2) to the target layer thick-
ness corresponding to the value determined 1n (b2).

(d2) Optionally, a measurement of the resonance frequency
ol the upper resonator or the filter response 1s performed after
the adjustment or adaptation of the layer thickness 1s carried
out. The obtained result can be compared to a re-evaluation of
the stack simulation using the target layer thickness. This
allows checking the accuracy (quality) of the frequency trim-
ming procedure.

The described trimming steps may be used individually,
but can also be combined.

Thus, embodiments of the present invention provide a
method for manufacturing a coupled resonator device com-
prising forming a first part of a plurality of layers, trimming an
exposed layer of the first part and forming a remaiming part of
the plurality of layers. And 1n further embodiments, the step
of forming the remaining part comprises forming a further
part of the plurality of layers, timming a further exposed
layer of the further part of the plurality of layers and forming
a last part of the plurality of layers, wherein a trimming goal
of the trimming of the further exposed layer depends on a
trimming result of the trimming of the exposed layer. The
coupled resonator device comprises a stack of the plurality of
layers, the plurality of layers comprising a piezo-layer with a
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first and a second electrode layer sandwiching the piezo-
layer, a further piezo-layer with a further bottom and a further
top layer sandwiching the further piezo-layer, the piezo-layer
and the further piezo-layer being acoustically coupled to each
other.

In yet another embodiment, an optional further trimming,
comprises an adjustment of an acoustic coupling between the
two stacks, which are arranged vertically. Therefore, in this
coupled trimming procedure, a first trimming 1s done with
respect to a target value (for example, with respect to the
lower stack) and a following trimming step 1s done, wherein
the target value of the following trimming step depends on the
target value of the first trimming step. Trimming steps accord-
ing to embodiments use two intermediate stages of process-
ing to perform the trimming procedure, because otherwise the
lower layers are not accessible or exposed for a correction or
trimming.,

Trimming goals comprise a {filter response characteristic
with pre-determined target values of a central frequency and
a bandwidth and a symmetric shape of the response charac-
teristic, and 1n further embodiments, the trimming steps are
performed with respect to at least one of the trimming goals.
In further embodiments, further parameters as, for example,
turther layer thicknesses, piezo-coupling coetlicients etc., are
determined.

Further embodiments describe a method for manufacturing,
a coupled resonator, 1n which the first resonator 1s mnitially
formed and comprises, for example, a layer structure with a
bottom electrode and a top electrode separated by a piezo-
clectric layer. The step of forming an exemplary top electrode
can also comprise a planarization and 1n this case, the mea-
surement can be done belfore and/or after the planarization
step.

In addition, further layer thicknesses or acoustic coupling
coellicients may be determined 1n the performed measure-
ment. The desired resonance characteristics include, for
example, the resonance frequency of the first resonator. After
the layer thickness adjustment of the top electrode to a target
layer thickness has been done, an optional check measure-
ment can be performed 1n order to determine the quality of the
layer thickness alteration therefrom. Errors that may occur 1n
the layer thickness alteration may thus be detected and can be
taken 1into account 1n future trimming steps. Furthermore, the
layer thickness of the top electrode or also layer thicknesses
of further electrodes may be determined by alternative meth-
ods (time delay measurements for reflected sound waves) and
used for a control measurement.

Further embodiments include a method for manufacturing,
a coupled resonator device comprising forming a first part of
the plurality of layers, trimming an exposed layer of the first
part, forming the coupling layer, trimming a coupling layer
and forming a remaining part of the plurality of layers. The
trimming comprises a change of a thickness of the exposed
layer and/or a change of a thickness of the coupling layer and
1s performed with a trimming goal comprising a filter char-
acteristic with pre-determined values of a central frequency
and/or of a bandwidth and/or a shape of a response charac-
teristic. The coupled resonator device comprising a stack of a
plurality of layers, the plurality of layers comprising a piezo-
layer with a first and a second electrode layer sandwiching the
piezo-layer, a coupling layer and a further piezo-layer with a
turther first and a further second electrode layer sandwiching
the further piezo-layer, the coupling layer defiming an acous-
tic coupling between the piezo-layer and the further piezo-
layer. The coupling layer can, e.g., be used to adjust (or
reduce) the acoustic coupling to a desired value.
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Furthermore, the acoustic coupling layer may comprise a
layer sequence of several layers of different acoustic imped-
ances, wherein there are alternating layers of low acoustic
impedance and high acoustic impedance. Because the layer of
high acoustic impedance intluences the resonator character-
istic particularly with respect to i1ts layer thickness, it can be
usetul to put the layer of high acoustic impedance directly
onto the top electrode and to contact it directly with the top
clectrode. If a layer of low acoustic impedance was {irst
deposited on the top electrode, an opening should be gener-
ated 1n the layer of low acoustic impedance on separate test
structures for this purpose, so that the layer of high acoustic
impedance 1s 1n direct acoustic contact with the top electrode.
The separate test structures comprise, €.g., a device that 1s
sacrificed for testing purposes and can be located at different
places over the wafer.

Embodiments of the present mvention describe also a
method for manufacturing a coupled resonator filter with a
stack of a plurality of layers, the method comprising provid-
ing a substrate with an acoustic mirror, forming a piezo-
clement with a bottom and a top electrode layer sandwiching
a piezo-layer, the bottom electrode layer being arranged
between the acoustic mirror and the piezo-layer, and trim-
ming the top electrode layer. The method further comprises
forming a coupling layer, forming a further piezo-eclement
with a further bottom and a further top electrode layer sand-
wiching a further piezo-layer, the further bottom electrode
layer being arranged between the coupling layer and the
turther piezo-layer and trimming the further top electrode.
The coupling layer defines an acoustic coupling between the
piezo-layer and the further piezo-layer, the trimming of the
top electrode comprises an adaptation of a resonance Ire-
quency to a target value and the trimming of the further top
clectrode 1s performed such as to achieve a pre-determined
target filter characteristic.

Embodiments also describe a waler comprising a plurality
of layers, wherein a coupled resonator 1s formed in the layers,
and each coupled resonator comprises a first resonator, a
second resonator and a coupling layer separating the first and
second resonator. A layer from the plurality of layers often
comprises fluctuations of the layer thickness. In embodi-
ments, the fluctuations are related to fluctuations of a further
layer from the plurality of layers, wherein the relationship 1s
given by a fixed relation, and the relationship comprises an
accuracy of less than 1%. Thus, both layers thicknesses are,
for example, correlated with a fluctuation range of about 1%
or 0.5% over at least 90% of a waler surface.

Embodiments of the mmventions also comprise a set of
coupled resonator devices with a plurality of layers. Fach
coupled resonator device comprises a {irst resonator formed
in a first plurality of a plurality of layers, a second resonator
formed 1n a second plurality of the plurality of layers and a
coupling layer structure formed in a third plurality of the
plurality of layers arranged between the first and the second
plurality of the plurality of layers.

The coupled resonator device-wise fluctuation of a layer
thickness of a first layer of one of the first, second and third
plurality of the layers 1s related, by a given relation, to a
fluctuation of a further layer thickness of a second layer of a
different one of the first, second and third plurality of the
layers with an accuracy of less than 1%. The set of coupled
resonator devices can be obtained, for example, by a dicing of
a corresponding walfer described above.

Further embodiments describe a waler comprising a sub-
strate, a resonator with a layer arrangement, a first coupling
layer with an opening and a second coupling layer contacting
the resonator through the opening. The first coupling layer
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turther comprises a first acoustic impedance, the second cou-
pling layer comprises a second acoustic impedance, wherein
the second acoustic impedance 1s higher than the first acoustic
impedance.

The measurements 1n the different embodiments, to deter-
mine, e.g., a thickness of a layer, can be done at several places
on a watfer, 1.e., at each place, for example, one measurement.
An interpolation of the values at the several places will result
in a distribution of, for example, the thickness of the layer (or
other measured quantities) over the waler. The interpolated
values give a layer thickness profile and can be used to per-
form a local change of the thickness of the layer. There 1s no
need to perform the measurement at each coupled resonator
device. As long as there are enough measurements over the
waler, e.g., between 50 and 2000 or around 200 measure-
ments, the fluctuations, e.g., of the layer thickness, over the
waler can be obtained with a high accuracy. Since on one
hand the measurements at the several places are time consum-
ing and on the other hand may alter the layer structure (often
test resonator devices are used for this), 1t 1s advantageous to
find an optimal number of measurements, which ensures a
sufficient accurate result for the fluctuations, but avoids need-
less measurements. This gives a preferred segmentation of the
waler, where each of the several places 1s located in one
segment, for example 1n ca. 200 segments each comprising,
for example, 50 to 500 coupled resonator devices.

In general, there 1s a non-liner relation between thickness
variations of layers and, for example, achieved frequency
variations (€.g., in the resonance frequency). One reason for
this 1s that different layers comprising different materials
contribute differently to possible frequency shiits. This non-
linear relation 1s taken 1nto account, e.g., by the simulation or
by experimental determination of the linear behavior and its
nonlinear corrections.

The trimming 1s performed by the layer thickness adjust-
ment (adaptation of an actual to a target value) and can be
carried out by different means, e.g., by an etching or by a
polishing or by adding a mass load layer (in order to increase
the thickness).

Hence, embodiments describe a method to perform ire-
quency trimming of a CRF. The use of this method allows the
manufacture of CRFs of high quality 1n large numbers, pro-
viding a high vield. Therefore, embodiments of the present
invention are particularly advantageous 1in a high volume
market, such as, 1s the case 1n the mobile phone market with
CRF.

FIG. 1 shows a cross-section of a piezoelectric resonator
structure 110 (or simply a piezo-element) in which, on a
substrate 100, an acoustic mirror 105 1s arranged, on which
there are deposited a first resonator 120, an acoustic coupling
layer 130, and a second resonator 140. The acoustic mirror
105 comprises an alternating layer sequence of layers of low
acoustic 1mpedance 106a-c¢ and layers of high acoustic
impedance 108a-b. In the shown embodiment, there 1s first
formed a first layer of low acoustic impedance 1064 on the
substrate 100, and then there 1s a first layer of high acoustic
impedance 108a followed by a second layer of low acoustic
impedance 1065, followed by a second layer of high acoustic
impedance 108, and finally a third layer of low acoustic
impedance 106c¢.

The first resonator 120 comprises a first or bottom elec-
trode 122, a piezoelectric layer 124 (or simply piezo-layer)
and a second or top electrode 126. The acoustic coupling layer
130 between the first resonator 120 and the second resonator
140 comprises an alternating layer sequence of coupling lay-
ers of low acoustic impedance 132a-b and a coupling layer of
high acoustic impedance 134. In the shown embodiment, a
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first coupling layer of low acoustic impedance 132a 1s first
deposited on the top electrode 126 of the first resonator 120.
Next, there 1s a coupling layer of high acoustic impedance
134, and finally a second coupling layer of low acoustic
impedance 132b. The second resonator 140 comprises a fur-
ther bottom electrode 142, a turther piezoelectric layer 144
and a further top electrode 146. Finally, the piezoelectric
resonator structure 110 comprises a passivation layer 150.

FIG. 2 shows a cross-sectional view of a first part of an
assembled piezoelectric resonator structure 110, wherein the
acoustic mirror 105 1s first formed on the substrate 100. As
described above, the acoustic mirror 103 1s formed by alter-
nately depositing layers of acoustic impedance. In the shown
embodiment, the first layer of low acoustic impedance 1064 1s
first deposited, whereupon the first layer of high acoustic
impedance 108a 1s deposited, whereupon there are further
deposited the second layer of low acoustic impedance 1065,
the second layer of high acoustic impedance 1085 and finally
the third layer of low acoustic impedance 106¢. The bottom
clectrode 122 1s first deposited on the substrate 100 with the
acoustic mirrors 105, followed by the piezoelectric layer 124,
and the last layer deposited is the top electrode 126.

In an embodiment, the manufacturing process of the piezo-
clectric resonator structure 110 1s interrupted at this point to
perform a trimming of a layer thickness d1 of the top elec-
trode 126. For this purpose, an actual value of the layer
thickness d1 1s first determined by means of an electrical
measurement at the first resonator 120, and then a target layer
thickness 1s determined 1n a simulation for the whole piezo-
clectric resonator 110. The trimming 1s performed by adjust-
ing the layer thickness d1 from the actual value to the target
value. When performing this method step, 1t 1s advantageous
if the actual layer thickness 1s larger than the target layer
thickness of the top electrode 126, 1.e., 1t 1s advantageous i1
the top electrode 126 1s deposited Wlth a layer thickness d1
larger than a target value to be expected for the layer thickness
d1. The target layer thickness will depend on an actual value
of the thickness d2 of the piezoelectric layer 124 and on the
actual value of all other layers deposited so far. In fact, the
target value will compensate fluctuations 1n the thickness d2
and 1n all other layers deposited so far.

FIG. 3 shows a cross-sectional view of a second part of the
assembled piezoelectric resonator structure 110. As 1t 1s 1llus-
trated 1n FI1G. 2, the acoustic coupling layer 130 comprises a
layer assembly, where the first coupling layer of low acoustic
impedance 132q 1s deposited on the top electrode 126 fol-
lowed by the coupling layer of high acoustic impedance 134.
At this stage of processing of the piezoelectric resonator
structure 110, there may again be a trimming step. However,
for this purpose an electrical measurement at the first resona-
tor 120 1s needed, which needs to be electrically contacted for
this purpose. Therefore, 11 no other contacting 1s possible an
opening 1s generated 1n the acoustic coupling layer 130 to be
able to perform a through-connection of the top electrode 126
(not shown 1n FIG. 3).

FIG. 4 shows a cross-sectional view similar to the one
shown 1n FIG. 3. However, the coupling layer of low acoustic
impedance 132a comprises an opening, and the coupling
layer of high acoustic impedance 134 1s 1n contact to the top
clectrode 126 through the opening. This may be advanta-
geous particularly if, in the trimming method step for the
acoustic coupling layer 130, the coupling layer of low acous-
tic impedance 132a effectively results 1n an acoustic decou-
pling of the top electrode 126 and the coupling layer of high
acoustic impedance 134. Since, 1n the course of the trimming
process for the acoustic coupling layer 130, a potential layer
thickness alteration 1s made for the coupling layer of high
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acoustic impedance 134, it 1s important to ensure that during
an electrical measurement process, which 1s again executed at
the first resonator 120, the coupling layer of high acoustic
impedance 134 influences the measurement result. If this 1s
not the case, no information about the thickness can be
obtained from the electrical measurement. The first resonator
120 1s correspondingly stimulated also 1n this trimming step,
and the response behavior or the resonance frequency is
examined (the via-contract of the first resonator 120 through
the acoustic coupling layer 130 1s not shown 1 FIG. 4). An
actual value for the layer thickness d3 of the coupling layer of
high acoustic impedance 134 1s determined from the electri-
cal measurement, wherein, for example, a simulation for the
piezoelectric resonator structure 110, 1.e., particularly the
parts still to be generated 1n later steps, 1s used. From the
simulation, a target layer thickness of the coupling layer of
high acoustic impedance 134 1s obtained from a bandwidth of
a completely processed resonator. Finally, the thickness d3 1s
adjusted to the target layer thickness.

FIG. 5 shows a cross-sectional view of a third part of the
assembled piezoelectric resonator structure 110, 1n which,
based on the arrangement shown in FIG. 3, there 1s first
deposited the second coupling layer of low acoustic imped-
ance 132b, and subsequently the further bottom electrode
142, the further piezoelectric layer 144 and the further top
clectrode 146 are arranged.

At this point, the manufacturing process for the piezoelec-
tric resonator structure 110 may again be interrupted to per-
form a further trimming. The resonator processed so far 1s
contacted, and an electrical measurement 1s conducted, with
the help of actual values which are again determined, such as
for a layer thickness d4 of the further top electrode 146, and
the determined actual values are used 1n a subsequent simu-
lation to determine a target value for the layer thickness d4 of
the turther top electrode 146 from a desired resonator char-
acteristic. The simulation goal 1n this trimming process 1s, for
example, a symmetrized form or shape of the filter response
(filter characteristic). This will be explained 1n more detail 1n
the following.

The mterruption of the manufacturing process in order to
perform the electric measurement and a subsequent trimming
was demonstrated so far for a specific coupled piezoelectric
resonator structure 110. In further embodiments this proce-
dure 1s repeated at further places on a watfer. Therefore, a
plurality of values (actual and target values) for the thickness
of the layer at different places 1s obtained. In order to perform
a trimmuing of the layer thickness over the water, the plurality
of values 1s 1nterpolated over the water yielding a thickness
profile so that at different places on the water the trimming
can be performed differently.

FIG. 6 shows 1illustrations that show how a trimming goal
of the further top electrode 134, as described with respect to
FIG. 5, may be achieved. In FIGS. 6A to 6C, there are respec-
tively shown two graphs 210a-c and 220a-c for attenuations
as functions of the frequency of the applied signal. The graphs
210a-c show a return-loss signal, 1.e., they show how much a
signal returning from the coupled resonator structure 110 1s
suppressed. The graphs 220a-c show an insertion-loss signal,
1.€., they show the attenuations for signals passing the coupled
resonator structure 110. The passband of the coupled resona-
tor structure 110 1s approximately between the frequencies
1.805 and 1.88 GHz, 1.e., outside this range there 1s a very
strong attenuation of the signal 220 and nearly no attenuation
for the signal 210.

In FIG. 6A, the signal 210a comprises two maximums and
three minimums within the passband (including transition
bands), which are arranged 1n an asymmetric way around the
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center of the bandpass, which 1s at approximately 1.84 GHz.
Such a shape of the return-loss signal 210« indicates a layer
thickness of the further top electrode 146 below an1deal value
(1.e., 1t 1s too thin).

In FIG. 6B, the signal 2105 again has two maximums and
three minimums within the bandpass, which are again not
distributed symmetrically. In contrast to the illustration of
FIG. 6A, 1n the graph 2105 the maximum with the higher
frequency 1s formed weaker 1n FIG. 6B. This means that the
layer thickness d3 of the further top electrode 146 1s above an
optimum value for the characteristic shown in FIG. 6B, while
it was below an optimum value for the characteristic shown 1n
FIG. 6 A. The signal 2205 (the 1nsertion-loss signal) does not
show a violation of the symmetry to such an extent, as 1t 1s the
case for the signal 210b6. For this reason, the signal 2105 1s
better suited to use 1n the trimming of the layer thickness of
the further top electrode 146.

FIG. 6C shows a signal 210c¢ extending symmetrically
around a center frequency of the bandpass, 1.¢., approxi-
mately at 1.84 GHz. This means that the layer thickness d4 of
the further top electrode 146 has an optimal value and does
not need any trimmaing. In the graph shown in FIG. 6C, the
signal 220c¢ 1s nearly flat within the bandpass and decreases
drastically outside the bandpass, 1.¢., it has a very high attenu-
ation outside the bandpass and 1s very transmissive within the
bandpass, equally for all frequencies. Hence, the response
characteristics as shown i FIG. 6C represent the goal in the
trimming process, which 1s done with respect to the thickness
d4 of the further top electrode 146.

What 1s claimed 1s:

1. A method for manufacturing a coupled resonator device,
the coupled resonator device comprising a stack of a plurality
of layers, the plurality of layers comprising a piezo-layer with
a first and a second electrode layer sandwiching the piezo-
layer, a further piezo-layer with a first and a second electrode
layer sandwiching the further piezo-layer, the piezo-layer and
the further piezo-layer being acoustically coupled to each
other, the method comprising:

forming a first part of the plurality of layers;

trimming an exposed layer of the first part; and

forming a remaining part of the plurality of layers.

2. The method according to claim 1, wherein forming the
remaining part comprises:

forming a first part of the remaining part of the plurality of

layers;

trimming an exposed layer of the first part of the remaining

part of the plurality of layers; and

forming a remaining part of the remaining part of the

plurality of layers.

3. The method according to claim 2, wherein a trimming,
goal ol the trimming of the exposed layer of the first part of the
remaining part depends on a trimming result of the trimming,
of the exposed layer of the first part.

4. The method according to claim 3, wherein the trimming,
goal comprises a filter characteristic with pre-determined
values of a central frequency and a bandwidth and a shape of
a response characteristic of the coupled resonator device.

5. The method according to claim 2, wherein trimming the
exposed layer of the first part comprises adapting a thickness
of the exposed layer of the first part to a first target value or
wherein trimming the exposed layer of the first part of the
remaining part comprises adapting the thickness of the
exposed layer of the first part of the remaining part to a second
target value.

6. The method according to claim 5, wherein adapting the
thickness 1s performed with a different amount at laterally
spaced-apart sites of the plurality of layers.
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7. The method according to claim 1, wherein trimming the
exposed layer comprises performing a measurement to deter-
mine an actual value of a parameter of the stack.

8. The method according to claim 7, wherein the actual
parameter value comprises a thickness of a layer and/or an
acoustic coupling coetlicient of the stack.

9. The method according to claim 2, wherein trimming the
exposed layer comprises performing a measurement, the
measurement involving resonating the piezo-layer and/or the
piezo-layer and the fturther piezo-layer.

10. The method according to claim 1, wherein trimming the
exposed layer comprises structuring the exposed layer so that
the exposed layer comprises an opening and contacting
another layer of the plurality of layers via the opening in order
to perform a measurement involving the piezo-layer, the trim-
ming depending on the measurement.

11. The method according to claim 1, wherein the exposed
layer comprises the second electrode layer participating 1n
sandwiching the piezo-layer or the further piezo-layer and
wherein trimming the exposed layer further comprises:

performing a first measurement in order to determine a

layer thickness of the second electrode layer;
performing a polishing of the second electrode layer; and
performing a second measurement 1n order to determine
the layer thickness of the second electrode layer.

12. The method according to claim 1, wherein forming the
remaining part comprises a performing measurement of an
actual value for a resonator frequency of the first part.

13. A method for manufacturing a coupled resonator
device, the coupled resonator device comprising a stack of a
plurality of layers, the plurality of layers comprising a piezo-
layer with a first and a second electrode layer sandwiching the
piezo-layer, a coupling layer structure and a further piezo-
layer with a first and a second electrode layer sandwiching the
turther piezo-layer, the coupling layer structure defining an
amount of acoustic coupling between the piezo-layer and the
turther piezo-layer, the method comprising:

forming a first part of the plurality of layers;

trimming an exposed layer of the first part;

forming a first part of the coupling layer structure;

trimming the coupling layer structure; and

forming a remaining part of the plurality of layers.

14. The method according to claim 13, wherein trimming
the exposed layer and/or trimming the coupling layer struc-
ture comprises changing a thickness of the exposed layer
and/or changing a thickness of the coupling layer structure.

15. The method according to claim 13, wherein a trimming
goal of the tnmmuing of the exposed layer and/or trimming of
the coupling layer structure comprises a filter characteristic of
the coupled resonator device with pre-determined values of a
central frequency and/or of a bandwidth and/or a shape of a
response characteristic.

16. The method according to claim 13, wherein forming the
coupling structure layer comprises:

forming a first coupling layer with a first acoustic imped-

ance; and

forming a second coupling layer with a second acoustic

impedance,

wherein the second acoustic impedance 1s higher com-

pared to the first acoustic impedance.

17. The method according to claim 16, wherein forming the
first coupling layer comprises structuring the first coupling
layer 1n order to form an opening and wherein forming the
second coupling layer comprises contacting the second cou-
pling layer to the first coupling layer via the opening.

18. The method according to claim 14, wherein the plural-
ity of layers extends laterally and at least one of the changes
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of the thicknesses of the exposed layer and of the coupling
layer structure i1s performed 1n dependence on a position
along the lateral extension of the plurality of layers.

19. The method according to claim 13, further comprising:

providing a substrate with an acoustic mirror, the stack of

the plurality of layers being formed adjacent to the sub-
strate,

wherein the acoustic mirror comprises a layer assembly of

alternating high and low acoustic impedance materials.

20. The method according to claim 13, wherein at least one
trimming comprises etching with a varying amount of etching,
during the trimming step.

21. The method according to claim 13, wherein the
exposed layer 1s the first or second electrode layer.

22. The method according to claim 13, wherein trimming,
of the exposed layer and/or the coupling layer structure fur-
ther comprises measuring an actual layer thickness of the
coupling layer structure or a part of the coupling layer struc-
ture and/or measuring a further thickness of at least one
turther layer of the plurality of layers.

23. A method for manufacturing a coupled resonator
device, the coupled resonator device comprising a stack of a
plurality of layers, the method comprising:

providing a substrate with an acoustic mirror;

forming a piezo-element with a bottom electrode layer and

a top electrode layer sandwiching a piezo-layer, the bot-
tom electrode layer being arranged between the acoustic
mirror and the piezo-layer;

trimming the top electrode layer;

forming a coupling layer structure;

forming a further piezo-element with a further bottom elec-

trode layer and a further top electrode layer sandwiching
a further piezo-layer, the further bottom electrode layer
being arranged between the coupling layer structure and
the further piezo-layer; and

trimming the turther top electrode layer,

wherein the coupling layer structure defines an amount of

an acoustic coupling between the piezo-layer and the
turther piezo-layer, and

wherein trimming the top electrode layer comprises an

adaptation of aresonance frequency to a target value and
trimming the further top electrode layer 1s performed to
achieve a pre-determined target filter characteristic.

24. The method according to claim 23, wherein the target
filter characteristic comprises a bandwidth of the coupled
resonator device and/or a symmetric shape of a response
characteristic.
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25. The method according to claim 23, wherein the trim-
ming comprises adding a mass load layer to the top electrode
layer or the further top electrode layer.

26. The method according to claim 23, wherein forming the
coupling layer structure comprises:

forming a first coupling layer with a first acoustic imped-

ance; and

forming a second coupling with a second acoustic imped-

ance,

wherein the second acoustic impedance 1s higher com-

pared to the first acoustic impedance.

277. The method according to claim 23, further comprising,
measuring an acoustic coupling between the piezo-element
and the further piezo-element.

28. The method according to claim 23, wherein forming the
acoustic mirror comprises forming a first layer with a first
acoustic impedance and forming a second layer with a second
acoustic impedance, wherein the second acoustic impedance
1s higher compared to the first acoustic impedance.

29. The method according to claim 23, further comprising
forming an acoustic 1solator 1n or on the substrate, the acous-
tic 1solator to suppress a propagation of an acoustic wave from
the coupled resonator device into the substrate.

30. The method according to claim 23, wherein at least one
of the bottom electrode layer, the top electrode layer, the
further bottom electrode layer and the further top electrode
layer comprises aluminum or tungsten.

31. A coupled resonator device manufactured according to
a method according to claim 1.

32. A coupled resonator device manufactured according to
a method according to claim 13.

33. A coupled resonator device manufactured according to
a method according to claim 23.

34. A waler comprising:
a substrate;
a resonator with an assembly of layers;

a first coupling layer comprising an opening, the first cou-
pling layer comprising a {irst acoustic impedance; and

a second coupling layer comprising a higher acoustic
impedance when compared to the first coupling layer,

wherein the first coupling layer 1s arranged between the
resonator and the second coupling layer, so that the
second coupling layer contacts the resonator via the
opening.
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